Spillover of knowledge is considered to be an important cause of agglomeration of inventive activity. Many studies argue that knowledge spillovers are localized based on the observation that patents tend to cite nearby patents disproportionately. Specifically, patent citations are interpreted as mapping the transmission of knowledge from the cited invention to the citing invention. The localization of patent citations is therefore taken as evidence that such knowledge transmission is also localized. Localization of knowledge transmission, however, may not be the only reason for why patent citations are localized. Using a set of citations that are unlikely to be associated with knowledge transmission from the cited to the citing invention, we present evidence that challenges the view that localization of citations is driven by localized knowledge transmission. Though localized knowledge transmission may well exist, it is unlikely to be captured by patent citations Abstract Spillover of knowledge is considered to be an important cause of agglomeration of inventive activity. Many studies argue that knowledge spillovers are localized based on the observation that patents tend to cite nearby patents disproportionately. Specifically, patent citations are interpreted as mapping the transmission of knowledge from the cited invention to the citing invention. The localization of patent citations is therefore taken as evidence that such knowledge transmission is also localized. Localization of knowledge transmission, however, may not be the only reason for why patent citations are localized. Using a set of citations that are unlikely to be associated with knowledge transmission from the cited to the citing invention, we present evidence that challenges the view that localization of citations is driven by localized knowledge transmission. Though localized knowledge transmission may well exist, it is unlikely to be captured by patent citations.
In their seminal paper, Jaffe et al. (1993) found that a citing patent is five to ten times more likely to be in the same SMSA as the cited patent than a matched, non-citing, patent. The authors and most scholars in subsequent studies interpret this finding as evidence of localized knowledge transmission from the cited to the citing patent (Alcácer and Gittelman, 2006; Almeida and Kogut, 1999; Belenzon and Schankerman, 2013; Murata et al., 2014) . The current paper revisits the finding that patent citations are localized but presents evidence inconsistent with the interpretation that localization of citations is driven by localized transmission of knowledge. While our paper is silent on the question of whether knowledge transmission is localized, to the extent that such localization exists, we argue that it is not captured by patent citations.
There are at least two interpretations for the relationship between patent citations and knowledge spillovers. The first is that a citation from a citing patent A to a cited patent B indicates that the inventor of invention A learns from, or builds on, invention B. Patent citations are localized because inventors are more likely to learn from the inventions of nearby inventors. By definition, the citing invention must come after the cited invention. The second interpretation builds on the view that knowledge is "in the air"and is more likely to be absorbed locally. That is, a citation from patent A to patent B does not indicate that invention A builds on invention B, but rather that some background knowledge embodied in invention B is relevant for invention A. If such citations are localized, it suggests that inventors are drawing from a pool of local knowledge, but does not imply that knowledge spillovers among inventions are necessarily localized. In some cases, the temporal sequence of patent filings may also be reversed. 1 Our paper tests whether patent citations are localized because inventors learn from local inventions. While the pool of knowledge that inventors draw upon may be localized, our results indicate that learning from patented inventions is not, at least as measured by patent citations.
The distinction between drawing upon shared background knowledge and learning from specific inventions is important for both theory and policy. An inventor whose invention is built upon by subsequent inventions can potentially extract licensing revenues from the latter. Indeed, the key question analyzed in models of cumulative innovation is how to divide rents between sequential inventors (Green and Scotch-mer, 1996) , by choosing patentability criteria or by patent length and breadth (Bessen and Maskin, 2009;  O'Donoghue, Scotchmer, and Thisse, 1998). If, instead, the invention contributes to a pool of knowledge from which others can draw, although innovation is cumulative, it would be very difficult for the inventor to identify subsequent inventions that build upon his invention (Laitner and Stolyarov, 2013) .
The distinction is also relevant for the study of entrepreneurial spinoffs and regional clusters. Inventors leaving existing employers to start their own firms could build upon either specific inventions (Anton and Yao, 1995) or more general background knowledge (Chatterji, 2009 ). If spinoffs, which are often collocated with parents, capitalize on discoveries employees make in the course of employment, firms have the ability to design contracts to protect themselves. Such contrivances are less useful if spinoffs exploit more general knowledge learned in the course of their employment. Moreover, firms concerned about protecting inventions from spillover to outsiders may try to disperse inventors (Zhao, 2006) or locate them away from competitors (Alcácer and Chung, 2007; Alcácer and Zhao, 2012; Shaver and Flyer, 2000) . This is likely to be more effective in preventing competitors from quickly building upon specific inventions, but less so against the diffusion of the firm's knowledge more generally. Our findings raise doubts about the usefulness of patent citations to track knowledge transmission. More precisely, they challenge the use of patent citations to measure the extent to which knowledge transmission is localized.
Our empirical methodology is as follows. We identify a set of citations that are unlikely to reflect knowledge transmission, "citation reversals," and use this set as a benchmark to compare the localization of citations for which knowledge transmission is possible, "citation non-reversals." If localization of citations is driven by localized knowledge transmission, then we expect citation non-reversals to be more localized than citation reversals.
Citation reversals typically occur during the patent application process when an inventor (or an examiner) cites a relevant patent or application that he becomes aware of. Because ascertaining priority dates is not always straightforward, a patent representing a later invention may be cited as prior art.
A patent's priority date is usually when the patent is filed. However, correctly identifying the priority date becomes more difficult when the patent is an extension of an earlier patent (such as continuation or foreign), in which case the patent takes its priority date from the earlier patent. We refer to this type of citation reversal as "priority reversal." Because the citing invention is created before the cited invention, knowledge transmission from the cited to the citing invention is unlikely. The second type of citation reversal is "disclosure reversal," and it arises when the priority date of the citing patent comes after the priority date of the cited patent but before the cited patent is disclosed to the public. Because the citing invention is created prior to the public disclosure of the cited invention, knowledge transmission is also unlikely for this type of citation. 2 Our sample is from the 2014 version of EPO Worldwide Patent Statistical Database (PatStat). The final estimation sample includes 2,090,376 USPTO citations and an equal number of control citations, which are constructed by matching each of the citing patents with a randomly selected non-citing patent on the four-digit international patent classification (IPC) code and publication year. 3 We test whether localization is more extensive for citations where knowledge transmission is possible (citation non-reversals) than for citations where knowledge transmission is unlikely (citation reversals). If localization of citations reflects localized knowledge transmission, we expect citation probability to decrease faster in distance for non-reversals than for reversals.
Our findings confirm the stylized fact documented in previous studies, that patent citations are localized. Based on our estimates, a 50-mile increase in distance between inventors lowers the probability of citation by about 20 percentage points (or 40% of the sample's average citation probability). However, when we apply our test to compare the localization of non-reversals to that of reversals, we find that the negative effect of distance on citation probability is effectively the same between the two types of citations (-0.078 for non-reversals and -0.091 for reversals), a finding that is inconsistent with the interpretation that patent citations are localized because knowledge transmission across inventions is localized.
An important concern about our analysis is that reversals, particularly disclosure reversals, might arise from interactions among co-located inventors. Based on this interpretation of (disclosure) reversals, comparing the localization effect of non-reversals with that of reversals would not allow us to rule out localized knowledge transmission, even if non-reversals were less localized than reversals. We test this alternative interpretation by singling out two main mechanisms by which inventors can interact locally to learn about one another's inventions. The first mechanism is knowledge sharing within firm boundaries.
If local inventors share knowledge about their inventions before they are disclosed to the public, such interaction is more likely to occur within than across firm boundaries. Thus, we examine whether selfcitations are more prevalent within reversals than within non-reversals, and also confirm that self-citations are more localized than external citations. A similar concern arises with patent attorneys, who may share information (or add citations) about inventions whose patent applications they handle. Thus, we examine whether citations whose patents are managed by the same attorneys ("same-attorney citations") are more common within reversals than within non-reversals and are more localized than different-attorney citations. However, excluding these potential sources of localized knowledge transmission from our sample does not change our main finding that citation reversals are at least as localized as non-reversals. Our main results are further supported by the analyses using examiner and priority reversals, which are less prone to the aforementioned concern.
Our study provides evidence in support of previous studies questioning the interpretation that localization of citations is driven by localized knowledge transmission. For instance, building on the notion that technically related inventions might be collocated geographically, Thompson and Fox-Kean (2005) argue that the matching approach in Jaffe et al. (1993) is too coarse and thus may not adequately control for regional specialization. Imposing stricter matching criteria, they find that the localization effect almost disappears at the SMSA and state levels. 4 Additionally, patent citations can be localized if they are added by intermediaries specializing in patent applications. Wagner, Hoisl, and Thoma (2014) argue that professional service firms build their knowledge repositories while interacting with their clients and reference patents from those repositories when they prepare patent applications. Therefore, if firms engage with patent attorneys that are geographically proximate to them, patent citations would likely be localized simply because they are added by attorneys who draw local knowledge from their repositories. 5 Our study also contributes to the broader debate on what patent citations mean and to what extent citations can be interpreted as knowledge transmission ( consensus is that, although a significant proportion of citations is not driven by knowledge transmission, patent citation is an adequate proxy for knowledge transmission. 6 Our results provide evidence that is inconsistent with this consensus.
The rest of the paper is organized as follows. Section 2 describes the data, and Section 3 discusses why the distance effect on citation probability might be stronger for non-reversals than for reversals, if localization of citations is driven by localized knowledge transmission. Section 4 presents the main empirical specification, and Section 5 presents non-parametric results of our main test. Section 6 presents both the main findings from our econometric analysis and the tests conducted to address the concern that citation reversals might be driven by highly localized knowledge transmission. Section 7 presents additional robustness tests, and Section 8 concludes and points to potential avenues for future work.
Data

Sample
Our main sample is from the 2014 version of EPO Worldwide Patent Statistical Database (PatStat), with inventor distances extracted from Google Maps. We follow previous literature and limit our dataset to patents with inventors residing in the contiguous United States. Thus, we exclude Hawaii, Alaska, and offshore U.S. territories, such as Puerto Rico and Guam. The publication years of the citing patents range from 2001 to 2014. (Sample years are based on the availability of examiner citations, which as we later explain are an important part of our analysis.) Finally, we retain only the citations whose priority lag, i.e., difference in years between the priority dates of citing and cited patents, is within five years.
This restriction is important because citation reversals have short priority lags, and thus it ensures that reversals and non-reversals remain comparable. This procedure yields 2,090,376 actual citations. For each pair of patents connected by a citation, we match the citing patent with another patent, to create a control pair. We construct the control group by matching each citing patent in the actual citations with a randomly selected, non-citing patent on four-digit IPC and publication year (Belenzon and Schankerman, 2013) . These control patents are paired with the cited patents from the actual citations to form control "citations". The sample includes 4,180,752 observations consisting of both USPTO and control citations.
Variable definitions
We proceed to describe the main variables used in the analysis. Table 1 also summarizes their definitions.
Priority date. A central piece in our analysis is identifying priority dates, which are used to determine whether a citation is a reversal. Priority date is the earliest application date of the patents that relate to the same underlying invention. (A group of patents with the same underlying invention and priority date is a patent family.) It is the date on which the invention was first recognized by a patent-issuing authority to be in existence. A patent can claim as its priority date the application filing date of an earlier patent if the two patents describe the same invention and share at least one inventor. Depending on the type of the application being filed, application timing requirements also must be met.
Priority dates can be claimed via different types of patent applications. The most common are an application taking advantage of a provisional application filed for the same invention; a continuing application that extends a prior patent application; 7 and a patent application filed in the United States within twelve months of filing a foreign application for the same invention. In all of these cases, to claim an application filing date of an earlier patent as the priority date, the specifications of the underlying invention described in the child and parent patents must be the same.
For example, US 7333597 is a patent on technology that enables telephone synchronization with software applications and documents. The inventors on the patent are Edward M. Silver, Linda A.
Roberts, and Hong T. Nguyen. The application for this patent was filed on November 2, 2004. However, the priority date of the patent is March 29, 2002 , based on an earlier patent, US 6873692, which relates to the same invention and has the same inventors. Because US 7333597 is a continuation of US 6873692 and because the underlying invention and at least one inventor are the same between the two patents, the former patent can claim as priority date the application filing date of the latter patent.
We find priority dates by linking child and parent patents via the priority and continuation patent 7 Continuing applications can be further broken down into continuation, divisional, and continuation-in-part applications. Continuation applications make additional claims based on an existing invention specified in an earlier patent application while divisional applications are filed to separate out distinct inventions from an earlier application usually because the earlier one fails to meet the "unity of invention" requirement. Continuation-in-part application can add extensions to an earlier invention; however, the claims based on new subject matter are assigned, as their priority date, the application filing date of the continuation-in-part application. datasets in PatStat. In our sample, 56.5 percent of the citing patents and 63 percent of the cited patents claim priority dates based on a provisional application, and 42 percent of the citing patents and 35.2 percent of the cited patents claim priority dates based on continuing applications. The rest are based on foreign applications. ( Figure A1 presents the types of applications based on which patents claim priorities.)
Earliest publication date. The earliest publication date is the date on which the first patent from a patent family is publicly disclosed, indicating the first time an invention becomes known to the public.
Since the enactment of American Inventors Protection Act of 1999, a patent application or a patent is published usually eighteen months from its earliest filing date, i.e., priority date, unless the applicant requests to have it disclosed earlier or to delay its disclosure until patent issuance. ( Figure A2 presents the distribution of patents over number of months it takes for them to be published.)
Citation reversal. We construct two types of citation reversals for which transmission of knowledge is unlikely. The first type occurs when the priority year of the citing patent is earlier than the priority year of the cited patent. We refer to this type as priority reversal. Priority reversals are not likely to reflect knowledge transmission because the cited invention does not exist at least until the citing invention is created.
According to our conversations with a patent examiner and a patent attorney, priority reversals can arise when a patent applicant includes citations on the information disclosure statement (IDS) or when a patent examiner adds additional citations during the patent prosecution process, which starts after the patent application is filed. Some patents have a priority date earlier than their filing date, for instance because they are related to a foreign patent or a continuation of an earlier patent. When these patent applications are examined, the applicant or examiner may cite another patent with a later priority. This type of citation (priority reversal) indicates that the cited patent is related to the citing patent, but, by construction, cannot represent knowledge transmission from the cited to the citing patent. We classify this citation as disclosure reversal because the cited invention was not disclosed to the public when the citing invention was created. In this case, it is possible that the citing inventor became aware of the cited invention and built upon it. However, since the cited invention was not publicly disclosed until the citing invention was completed, knowledge transmission would have required means other than learning from the cited patent. About 25 percent of the actual citations in our sample are disclosure reversals.
We illustrate priority and disclosure reversals using the timeline in Figure 1 . The horizontal line going from left to right represents the progression of time, and the two vertical lines extending below the timeline represent the priority date and the earliest publication date of a cited patent. The three vertical lines extending above the timeline represent possible instances of the citing patent's priority date.
A priority reversal occurs when an invention references another invention that has not been created, as demonstrated by the first instance of the citing patent's priority date coming before the priority date of the cited patent. A disclosure reversal occurs when an invention references another invention that has been created but has not been disclosed to the public, as demonstrated by the second instance of the citing patent's priority date falling in between the priority date and the earliest publication date of the cited patent. In both of these cases, because the cited invention did not exist or was not known to the public at least until the citing invention was completed, knowledge transmission from the cited to the citing invention is unlikely. A non-reversal occurs when an invention references another invention that has been created and disclosed to the public, as demonstrated by the third instance of the citing patent's priority date falling after both the priority date and the earliest publication date of the cited patent. In this case, knowledge is more likely to be transmitted from the cited to the citing invention.
Geographical distance. We calculate distances between citation pairs using PatStat's inventor addresses dataset and Google Maps API. We first extract inventor city and state information from PatStat's inventor addresses dataset and then use a custom software application that communicates with Google Maps Geocoding API to obtain geographical coordinates and straight line distances between inventors of citing and cited patents. 9 In addition to continuous distance, we construct dummy variables for distance ranges to examine the nonlinear effect of distance on citation probability. The reference range is 0-25 miles, and the rest of the distance ranges are as follows: 25-50, 50-100, 100-150, 150-250, 250-500, 500-1000, 1000-1500, 1500-2500, and greater than 2500. Table 2 presents summary statistics for the main variables used in the analysis. The average distance between patents linked by a citation is 919 miles with a standard deviation of 890 miles. 29 percent of the citations are reversals and 47 percent of them are added by examiners. On average, a citing patent receives 6.5 forward citations, and cited patents receive 46 forward citations. Of the citations, 16.4 percent are coast-to-coast citations, and thus we add dummies to control for citations between research clusters that are located in the opposite coasts.
Insert Tables 1-2 and Figure 1 here
The Localization Effect of Reversed Citations
We propose the following motivation for why localized knowledge transmission might lead to a stronger negative effect of distance on citation probability for citation non-reversals than for reversals.
We distinguish between citations that reflect knowledge transmission, i.e., where one invention builds upon another, improving or extending it, and citations that reflect other relationships, where no such knowledge transmission takes place. A patent may cite another patent because both draw upon a common pool of knowledge. Patents may be related in other ways as well. For instance, the citing patent may accomplish the same outcome as the cited patent using a different method, or use similar methods to accomplish different goals.
The distinction bears on whether the citing invention benefited from the knowledge created in the form of the cited invention. The citing inventions that are related would be unaffected. The citing invention that builds upon the cited invention would have had to acquire the knowledge created by the cited invention. The extant literature has implicitly or explicitly assumed that, when patent class is controlled for, citations reflect knowledge transmission. We argue that citation reversals, by construction, cannot reflect knowledge transmission from the cited invention to the citing invention. 10 It is conceivable that the inventor may have learned useful knowledge from the inventor of the cited invention, but it is far more likely that a citation reversal represents the recognition of a related invention, albeit one that should not have been cited because it is not prior art. 11 We do not observe whether a citation represents transmission of knowledge or merely some type of relatedness. Instead, we propose a simple structure that clarifies how one can infer the relative importance of the two types of citations in generating the observed pattern of localization of patent citations. If citation reversals reflect relatedness, and if knowledge transmission falls with distance, then citation reversals should be less localized than non-reversals.
Consider a pair of patents i and j, where i is the focal patent and j is invented after i. Patent j can build upon patent i with probability π n if it is near and π f if it is far. With probability θ n , patent j can be related to patent i if they are near each other and θ f if they are far apart. For simplicity, assume a patent that builds upon another will cite it with probability α. Similarly, a patent that is related to another will cite with probability β. The probability that j cites i if they are near is απ n + βθ n . 12 Similarly, the probability of a citation if they are far apart is απ f + βθ f . The difference in probability of citation between patents located near each other and patents located far is α(π n − π f ) + β(θ n − θ f ). 13 This difference has two components: π n −π f representing the extent to which knowledge transmission decreases with distance, and θ n − θ f representing the extent to which patents near each other are related relative to those far apart. Each component is weighted by the relevant citation propensity. The consensus is that both components are positive. That is, nearby inventions are more likely to be related, and knowledge transmission is more likely among nearby inventions. Now consider the probability that i cites j, i.e., a citation reversal. Since i cannot have built upon j, the probability of the patents being related is simply θ n if they are near each other and θ f if they are far.
If the propensity to cite is β as before, difference in probability of citation between near and far is simply β(θ n −θ f ). The effect of proximity on the probability of citation for non-reversals is α(π n −π f )+β(θ n −θ f ) so that the difference in the effect of proximity with respect to reversals is α(π n −π f ). The extant literature has asserted that knowledge transmission increases with proximity, i.e., α(π n − π f ) > 0. This implies that the effect of proximity on the probability of a citation reversal should be smaller than the effect of proximity on the probability of a non-reversal citation. In the empirical analysis we use distance, so that we expect that distance should have a smaller absolute effect on reverse citations than on normal or non-reversal citations.
The validity of our test hinges the assumption the underlying knowledge that is described in a patent cannot be changed as the patent moves forward in the examination process. This assumption assures that the priority date is the date when the invention is created and allows us to determine whether knowledge could have been transmitted from one inventor to another. This assumption is validated by the two statutory provisions, 35 U.S.C. 132 and 35 U.S.C. 251, which prohibit introduction of new matter in amendments and the application for reissuance. Examiners are obligated to reject new matters introduced into the abstract, specification, or drawings of a patent application once it is filed. The only changes permitted are rephrasing of a passage without changes in meaning and fixing obvious errors whose correction can be foreseen by a person skilled in the given art. 14 If so, the transmission of knowledge 13 Existing studies have tried to use patent classes to control for relatedness: It is implicitly or explicitly assumed that two patents in the same class are equally likely to be related independently of whether they are far or near. Formally, for patents in the same patent class, θn − θ f = 0.
14 The literature on submarine patents discusses how inventors can keep their inventions secret for an extended period of cannot take place in citation reversals. While this inference is reasonable for priority reversals, disclosure reversals might be associated with knowledge transmission. We take several steps to explore and mitigate this concern in Section 6.2 using information on self-citations, patent attorneys, and examiner-added citations.
Econometric Specification
Our empirical analysis tests the implication of the model that we described in the previous section. That is, we examine whether the effect of distance on citation probability is smaller in magnitude for reversals than for non-reversals. As shown in the model, this relationship will hold if localization of citations is driven by localized knowledge transmission.
We follow Jaffe et al. (1993) and match each citing patent with a control, non-citing, patent with the same four-digit IPC code and publication year. Our results are robust to matching at the six-digit IPC code and publication year, though a finer matching naturally reduces the sample size (cf. Appendix table A3 ). We use a linear probability model to estimate the effect of distance on citation probability for non-reversals and reversals. Our main empirical specification is as follows:
where i and j denote citing and cited patents, respectively, C ij is a dummy variable that receives the value of one for an actual citation and zero for a control (non-) citation, D ij is the distance in miles between the location of citing and cited inventors, and Reversal ij is a dummy variable that receives the value of one for a citation reversal (and for the matched control non-citing patent). If localization of citations is driven by localized transmission of knowledge, we expect the effect of distance on citation probability to be larger in magnitude for non-reversals than for reversals. Thus, we expect β 1 < 0 to confirm previous evidence on localized citations, and β 2 > 0 to support the view that citations with potential knowledge transmission (non-reversal) are more localized than citations where knowledge transmission is unlikely (reversal).
Non-parametric Evidence
Column 1 of Table 3 presents mean comparisons of main variables between citation non-reversals and reversals. The comparison of geographical distances reveals that reversals are at least as localized as non-reversals. The average distance between citation pairs is 956 miles for non-reversals and 826 miles for reversals. Also, the share of citations with citing patents that are within 50 miles of the cited patent is 39 percent for reversals and 26 percent for non-reversals. These findings are inconsistent with the view that localization of citations is driven by localized knowledge transmission. Insert Table 4 here
Are reversals driven by local inventor interactions?
An important concern in our study is that citation reversals might reflect highly localized knowledge transmission among local inventors who share knowledge about new inventions that have not been disclosed to the public. If this were true, then our test comparing localization of non-reversals with that of reversals would not be able to rule out localized knowledge transmission across inventions even if non-reversals were less localized than reversals. We proceed to discussing how we mitigate concerns that local inventor and patent attorney interactions might generate a pattern of highly localized citation reversals.
Insert Table 5 here
Self-citations
If self-citations are more prevalent within reversals and are more localized than external citations, then self-citations might inflate the localization effect of reversals. This bias will lead us not to reject the null hypothesis that the localization effect of non-reversals is the same as that of reversals.
Our data reveal that the share of self-citations is 33 percent for reversals and 19 percent for nonreversals. Self-citations are also more localized than external citations. The share of citations whose citing patent is within 50 miles of the cited patent is 78.4 percent for self-citations and 14 percent for external citations. (These differences are statistically significant at the 1% level.) Within citation reversals, self-citations are also more localized than external citations (84% of citing patents being with 50 miles of cited patents for self-citations relative to 15.6% for external citation reversals). These findings are consistent with the concern that reversals might be driven by highly localized knowledge transmission.
To mitigate the potential bias caused by self-citations, we exclude them from our sample. Columns 1 and 2 of Table 6 present the estimation results. The results show that even after excluding self-citations, reversals are at least as localized as non-reversals. For instance, moving from 0 to 50 miles lowers the probability of citation by 11.6 percent for reversals and by 9.4 percent for non-reversals. These results
show that our main finding continues to hold even after removing the potential source of highly localized knowledge transmission. concern, we examine whether citations whose patents are managed by the same attorneys ("same-attorney citations") are more common within citation reversals than within non-reversals and whether they are more localized than different-attorney citations.
To perform this analysis, we extracted attorney information from the weekly compilations of patent publications released by the USPTO for years 2001 through 2014. We first standardized attorney names and then removed any corporate legal offices. We then merged the attorney information with our main dataset. In our sample, the share of same-attorney citations (where citing and cited patents have the same patent attorney) is 13 percent for reversals and 5 percent for non-reversals. Same-attorney citations are also more localized than different-attorney citations. The share of citations that take place within 50 miles of the cited patent is 83 percent for same-attorney citations and 25 percent for different-attorney citations (statistically significant at the 1% level).
To mitigate this concern we exclude from our sample citations where the patents have the same attorney. Columns 1 and 3 in Table 6 show that citation reversals are at least as localized as nonreversals at every distance range even if we exclude citations involving patents with the same attorney.
For instance, moving from 0 to 50 miles reduces the citation probability by 10.2 percent for reversals and by 9.4 percent for non-reversals. The results show that our main findings continue to hold even after we remove the potential source of highly localized knowledge transmission and mitigate the concern that our results are driven by interactions between inventors and attorneys.
Examiner reversals
Citation reversals added by examiners are less prone to biases that could arise from local inventor interactions. If reversals arise due to local interaction among inventors, we expect inventors to generate proportionally more reversals than examiners and that inventor reversals would be more localized than examiner reversals. Inconsistent with this expectation, our data show that the share of reversals is 36 percent for examiner citations and 24 percent for inventor citations. On the other hand, the fraction of citations whose citing patent is within 50 miles of the cited patent is 39.8 percent for inventor reversals and 36.5 percent examiner reversals, indicating that inventor-added reversals are somewhat more localized than examiner-added reversals. While the difference is fairly small, this observation is consistent with the possibility that reversals are driven by inventor interactions.
We also compared the localization of non-reversals with that of examiner-added reversals. Comparing columns 1 and 6 of Table 6 shows that examiner-added reversals are at least as localized as non-reversals.
For instance, moving from 0 to 50 miles reduces the effect of distance on citation probability by 10.8 percent for examiner-added reversals and 9.4 percent for non-reversals. Overall, the results in Table 6 indicate that although reversals are more likely for patents filed by the same organization and for patents with a common patent attorney, excluding them from the sample does not change the broad conclusion that localization of patent citations is unlikely to reflect transmission of knowledge from the cited invention to the citing invention. Further, focusing only on citation reversals added by examiners yields a similar effect of distance on citation propensity as non-reversals.
Priority vs. disclosure reversals
Priority reversals are also more immune than disclosure reversals to biases that could arise from local inventor interactions because the cited invention in a priority reversal does not exist when the citing invention is created. Thus, we alleviate the concern that reversals might capture highly localized knowledge transmission by comparing localization of non-reversals with that of priority reversals.
If knowledge transmission through local inventor interactions is a valid concern, then we expect both disclosure reversals and non-reversals to be more localized than priority reversals. 15 Our data show that the average distance is 822 miles for disclosure reversals and 856 miles for priority reversals. The fraction of citations within 50 miles from the cited patent is 33.2 percent for priority reversals and 39 percent for disclosure reversals (statistically significant at the 1% level). While the differences are relatively small, they are consistent with the concern that disclosure reversals might be driven by localized inventor interactions. However, comparing non-reversals and priority reversals in columns 1 and 4 in Table 6 shows that the distance effect on citation probability is very similar between non-reversals and priority reversals within the 50-mile range. For instance, moving from 0 to 50 miles reduces the citation probability by 8.9 percent for priority reversals and 9.4 percent for non-reversals, with the difference being only 0.5 percent. Although the difference widens as the distance range becomes larger, the finding suggests that priority reversals are likely to be as localized as non-reversals within a reasonable distance range for testing localization effect. Thus, the results provide further evidence that localization of citations is not likely to be driven by localized knowledge transmission.
Insert Table 6 here 7 Other Robustness Checks 7.1 Alternative specification Table A1 in the appendix presents results from an additional test using an alternative specification designed to mitigate the concern that non-reversals and reversals are different along various dimensions that might be correlated with distance. For instance, if cited patents in non-reversals are more likely to be associated with high-quality patents, which are often less localized, then our main test would produce spurious results. We mitigate this concern by comparing localization of non-reversals and that of reversals that cite the same patent while controlling as much as possible for potential differences that may exist across the citing patents. 15 Suppose that patent citations only reflect instances of the citing invention building upon the cited invention. In the sub-sample where, by construction, the citing invention could not have built upon the cited invention or learned from it, patent citations should be less localized than the general population. Furthermore, citations to unpublished patents should be more localized than citations to published patents. In other words, priority reversals should be the least localized, followed by normal citations, and followed by citations to patents unpublished at the time of citation. If, instead, all three samples have the same level of localization, then it follows that the localization of citations reflects some combination of localization of related inventive activity and localization of relevant technical knowledge.
For each citation reversal, we find a non-reversal with the same cited patent and with citing patents that are in the same IPC and publication cohort as those in the reversal. To control for potential differences across citing patents, we add citing patent technology area and publication year fixed effects. Column 1 shows that citing patents in reversals added by examiners are at least as likely to be within a 50-mile range of the cited patent as those in non-reversals. For instance, being a non-reversal is associated with 2.4 percent decrease in the probability that the citing and cited patents are within 50 miles of each other.
This result holds even when we separate out the examiner reversals into priority and disclosure reversals (columns 2-3) and when we use inventor reversals instead of examiner reversals (columns 4-6). Thus, our main finding, that localization of citations is not likely to be driven by localized knowledge transmission, holds even when we change the specification to compare reversals and non-reversals within same cited patents. Table A2 in the appendix presents the results from a test that uses a sample whose citing patents cover years 1977 through 2014 to make sure that our results are not biased by factors inherent to more recent citations.
Sample period and citation lag
The results from this larger sample are consistent with the results from the main sample and provide additional support that localization of citations is not likely to reflect localized knowledge transmission.
For instance, columns 2 and 3 show that going from 0 to 50 miles reduces the citation probability by 19.1 percentage points for non-reversals and 24.2 percentage points for reversals. This finding continues to hold even if we do not limit our sample to five-year priority lag as in columns 4 and 5.
Three-and six-digit IPCs
We further examine robustness of our findings by replicating our test with samples whose controls are We test whether our results hold regardless of the level of technology classification code used to construct control citations. We obtained the dataset with controls matched on three-digit classification code used by Murata et al. (2014) from Harvard Dataverse and augmented it with priority dates and earliest publication dates to identify citation reversals. We also constructed a sample with controls matched on six-digit IPC code using PatStat. 16 Table A3 in the appendix presents the results from these two samples. Citations are localized as found in Murata et al. (2014) regardless of the level of technology classification code used to construct control citations. However, columns 2-3 and columns 5-6 show that citation reversals are at least as localized as non-reversals in both cases. For instance, columns 2-3 show that the effect of distance on citation probability is larger in magnitude for reversals (-0.039) than for non-reversals (-0.033). 17 18 Also, columns 5-6 show that going from 0 to 50 miles reduces citation probability by 24.7 percentage points for reversals and 16.2 percentage points for non-reversals for the sample matched at six-digit technology classification code. 19 These results are consistent with our main finding that, while citations are localized as indicated by previous studies, their localization is not likely to be driven by localized knowledge transmission. 16 We do not use the sample matched on six-digit classification code from Murata et al. (2014) because the proportion of reversals in the dataset is too small to replicate our test. 17 For the sample matched on three-digit technology classification code, we do not perform analysis with distance dummies because there are not enough reversals at short distance ranges. 18 For the sample matched on three-digit technology classification code, the average distance between citing and cited patents is 873 miles for citation reversals and 899 miles for non-reversals, and the difference is statistically significant. Furthermore, the share of citing patents within 50 miles of cited patents is higher for citation reversals at 11 percent than for non-reversals at 9 percent. 19 For the sample matched on six-digit technology classification code, the average distance between citing and cited patents is 884 miles for citation reversals and 979 miles for non-reversals, and the difference is statistically significant. Furthermore, the share of citing patents within 50 miles of cited patents is higher for citation reversals at 35 percent than for non-reversals at 24 percent.
Grace period
Under the Patent Act of 1952, inventors are given one-year grace period to file for a patent once they disclose their inventions to the public. If inventors take advantage of this law, then it is possible that our sample over-classifies citations as reversals because the date of invention might be one year prior to the patent application filing date. We address this concern by testing our results after re-classifying reversals with up to one-year priority lag as non-reversals. Table A4 in the appendix shows that the effect of distance on citation probability is -0.085 for non-reversals and -0.097 for reversals with a priority lag between one and two years, indicating that non-reversals are not more localized than reversals even after the reclassification. A similar pattern holds for reversals with other citation lags in columns 2-5. The results show that the reversals with priority lags greater than one year, i.e., those not affected by grace period, are at least as localized as non-reversals. These results mitigate the concern that our main results might be driven by citations that are incorrectly categorized as reversals.
Column 1 of
Technology areas
The importance of inventor interactions for learning from invention is likely to vary across technology areas. For example, inventions in complex technology areas such as telecommunications are likely to require more tacit knowledge than those in discrete technology areas such as chemicals. Such tacit knowledge might be more localized. To test whether reversals are driven by localized inventor interactions, we first compare the share of reversals across six technology areas: Chemistry, Pharmaceutical, Biotechnology, Medical Technology, Computer Technology, and Telecommunications. If technology areas characterized by tacit knowledge are more prone to inventor interactions, then we expect to see higher shares of citation reversals for complex technology areas than for discrete technology areas.
Inconsistent with the view that reversals are driven by transmission of tacit knowledge, we find that the share of reversals are fairly consistent across the six technology areas, ranging from 24 percent to 38 percent. For instance, the share of reversals is 24 percent in Biotechnology citations and 25 percent in Telecommunications. The share of reversals for the rest of the technology areas range from 34 percent to 38 percent.
We also examine whether the difference between the localization effect for non-reversals and reversals varies by technology area. If reversals in complex technology areas are more localized because inventor interactions are more important for learning, we expect our test to bias against finding a difference in the localization effect between non-reversals and reversals in complex areas, but not in discrete areas.
Tables A5a and A5b in the appendix present the results from comparing localization of citation nonreversals and that of reversals. Inconsistent with the expectation, the overall pattern does not show any systematic variation according to our expectation. For instance, going from 0 to 50 miles reduces the citation probability by 20.8 percentage points for non-reversals (column 5 of Table A5a ) and 32 percentage points for reversals (column 6 of Table A5a ) in Biotechnology and by 19.5 percentage points for non-reversals (column 1 of Table A5b ) and 24.4 percentage points for reversals (column 2 of Table   A5b ) in Medical Technology. 20 These results provide evidence that localization of citations is not likely to be driven by localized knowledge transmission even in complex technology areas.
Concluding Remarks
This study examines whether localization of patent citations is driven by localized knowledge transmission.
Our main results show that the effect of distance on citation probability is similar for citation non-reversals and reversals, providing evidence that localized knowledge transmission is not likely to be a major driver of localization of citations. The implication is that either patent citations are not driven primarily by knowledge transmission or knowledge transmission is not localized. If the latter, it questions an important, hypothesized reason for the agglomeration of inventive activity. If the former, it brings into question a number of results which have used citations to measure knowledge transmission.
The concern that citation reversals might reflect highly localized knowledge transmission between inventors, either through direct interactions among inventors or through intermediaries, is mitigated by comparing localization of non-reversals with various subsets of reversals that are even less likely to be driven by localized knowledge transmission. The results are consistent with our main finding, that localization of citations does not reflect localization of knowledge transmission.
Methodologically, this study provides a way to isolate citations that are unlikely to be associated with knowledge transmission. We identify these special citations by checking whether the citing patent's priority date comes before either the priority date or the earliest publication date of the cited patent. We use these citations to benchmark localization of knowledge transmission as reflected in patent citations.
Our study has important implications for both theory and policy. The distinction between background knowledge and knowledge about specific inventions helps our understanding on how licensing revenues might be divided between sequential inventors. An inventor whose invention is built upon by another inventor might extract licensing revenues from the latter. However, if the subsequent inventor draws upon the background knowledge that the earlier invention contributes to, then it would be difficult to even identify inventions that build on such knowledge.
The distinction also provides insights into entrepreneurial spin-offs and regional clusters. If founders of spin-offs draw knowledge from specific discoveries during their employment at the parent company, then employers can develop contracts to prevent loss of rents. However, if knowledge drawn by the former employees is more general and cannot specifically be identified, then it would be more difficult for employers to protect themselves from former employees utilizing the knowledge. Furthermore, it would be difficult for firms to prevent background knowledge from spilling over to competitors even if they try to disperse inventors or R&D operations across different geographies. 9 Data Appendix 9.1 Priority year Priority reversals are determined by examining the priority years of the citing and cited patents, and disclosure reversals are determined by examining the priority year of the citing patent and the earliest publication year of the cited patent. We use the priority and continuation dataset in PatStat to determine priority years. We take each of the citing and cited patents and find other patents linked to it via priority established by the Paris Convention of 1883 (PatStat TLS 204), provisional applications (PatStat TLS 204), and continuing applications (PatStat TLS 216). From this patent set, we keep the patent with the earliest application filing year as the priority year.
Earliest publication year
The earliest publication year of an invention is determined by identifying the earliest publication year from all of the patents within a patent family. The European Patent Office recognizes two types of patent families, simple and extended. We use the simple patent family notion, which groups patents claiming exactly the same set of priorities into a family. We construct this variable by linking the patent family dataset (TLS 218) with application (TLS 201), publication (TLS 211), priority (TLS 204), and continuation (TLS 216) datasets in PatStat.
Application year
Application year is the year in which an application for a patent is filed. Application year is different from the priority year as it may not indicate the year in which the invention is created, but merely the year in which an application for a patent is filed. We use the applications dataset (TLS 201) in PatStat to find application years of all citing, cited, and control patents.
Publication year
Publication year is the year in which an application or a patent is disclosed to the public. Publication year is different from the earliest publication year as it may not indicate the year in which the invention is first disclosed to the public, but merely the year in which a patent application or patent is published. Since November 2000, the USPTO has started publishing patent applications 18 months after the priority date. This means that a patent application claiming an earlier priority date may be published less than 18 months from its application date. On the other hand, an applicant may request publication of its application to be delayed until patent issuance if the applicant does not intend to file for a patent in a foreign country. We use the publication dataset (TLS 211) in PatStat to find publication years of all citing, cited, and control patents.
Inventor distance
We extract inventor cities and states for the citing and cited patents in our sample by linking several datasets in PatStat (TLS 206, TLS 226, TLS 227). We first identify inventors of each patent in our sample from TLS 227, which is merged with TLS 226 to determine their cities and states. (Inventor addresses for patents whose applications were filed prior to 2005 are extracted from Thomson Innovation because PatStat provides addresses only from 2005.) We use a software application developed in-house, which communicates with Google Maps Geocode API, to find geographic coordinates of each city and state pair and to find a straight line distances between inventors linked by each citation. Whenever we see multiple inventors for a single patent, we take the city-state combination that occurs most frequently in our distance calculation. If there is an equal number of different city-state combinations, then we randomly choose a location from them. An advantage of using Google Maps Geocoding API to obtain geographic coordinates is that the Google API can intelligently handle several misspellings of city or state names. This is beneficial because spelling errors are frequent in the inventor city and state fields. Priority lag is the difference between the priority years of the citing and cited patents. Dummy for reversal is a variable that takes 1 if the priority date of the citing patent is earlier than the priority date or the earliest publication date of the cited patent and indicates that knowledge transmission is unlikely. Dummy for examiner citation is a variable that takes 1 if a citation was added by a patent examiner. Dummy for self-citation is a variable that takes 1 if the citing and cited patents are assigned to the same assignee.
VARIBALE
(1) This table presents the Notes : This figure shows the types and sources of knowledge distinguished in the paper. Knowledge about invention is knowledge directly related to the invention while background knowledge is knowledge or methods that might underlie the invention but not directly related to the invention. Knowledge can also have multiple sources that can influence temporal and geographical characteristics of knowledge transmission. The six inner cells indicate whether knowledge tends to be localized given its type and source. This table presents the This table presents the 
Citing Patents
Cited Patents
Notes: This figure presents the breakdown of the types of applications that citing and cited patents claim priorities based on. Provisional applications are those that are filed prior to a non-provisional (regular) application to establish an earlier priority date. (To file a provisional application, the specifications of the invention must be complete, while claims do not have to be.) Continuation applications make additional claims based on an existing invention specified in an earlier patent application. Divisional applications are filed to separate out distinct inventions from an earlier application. Continuation-in-part applications add extensions to an earlier invention. (The claims based on new subject matter are assigned as their priority date the application filing date of the continuation-in-part application.) We identify foreign and provisional applications from the applications table and the rest from the continuing applications table in PatStat.
Figure A1. Breakdown of Priority Applications by Type
Notes: This figure presents the distribution of citing and cited patents over publication lag. "Publication lag" is time (in months) it takes for a patent or an application to be published and is measured as the earliest publication date minus the priority date. Figure A2 . Distribution of Citing and Cited Patents Over Publication Lag Notes: The application for the citing patent (12/31/2009) was filed after the application for the cited patent (12/7/2009), but the priority date of the citing patent (12/31/2008) comes before the priority date of the cited patent (2/24/2009), indicating that the citing invention was created before the cited invention was created.
Citing Patent (Akamai Technologies): Enforcing single stream per sign-on from a content delivery network (CDN) media server Cited Patent (Telcordia Technologies): Systems and methods for single-session management in load-balanced application server clusters Figure A3 . Priority Reversal Notes: The priority date of the citing patent (12/21/2011) comes after the priority date (6/25/2010) but before the earliest publication date (9/11/2012) of the cited patent, indicating that the citing invention was created before the cited invention was disclosed to the public.
Citing Patent (HGST Netherlands): Removing residues in magnetic head fabrication Cited Patent (Western Digital):
Method and system for providing a perpendicular magnetic recording pole using multiple chemical mechanical planarization Figure A4 . Disclosure Reversal
